Humanin (HN) is a novel 24-amino acid mitochondrial-derived peptide that has demonstrated diverse cytoprotective effects, including an emerging role in diabetes. The purpose of this study was to examine the pharmacokinetics of humanin analogues, which show great potential as therapeutic agents (HNG and the non-IGFBP-3 binding, HNGF6A). 11-week-old male IGFBP-3 Ϫ/Ϫ and wild type (WT) mice were divided into 3 groups: WT mice treated with HNG, WT mice treated with HNGF6A, and IGFBP-3 Ϫ/Ϫ mice treated with HNG. Plasma was obtained from mice following ip injection with HN analogues, and HN levels were measured with ELISA. WT mice treated with HNGF6A and IGFBP-3 Ϫ/Ϫ mice treated with HNG displayed a longer half-life of HN compared with WT mice treated with HNG. Following HNG injection, both IGF-1 and IGFBP-3 levels decreased over time. Adult male Sprague Dawley rats were also ip injected with HNG, and HN levels were measured in various tissues (plasma, liver, heart, and brain) by ELISA. The half-life of HN was found to be longer in rats compared with mice. In rats, HN levels were found to be highest in plasma, present in liver, and undetectable in brain or heart. The current study provides evidence of HN and IGFBP-3 association in the circulation and suggests that native HN may modulate the distribution of IGF-1 and IGFBP-3. The results also demonstrate varying kinetic profiles of HN analogues and interspecies variation in rodents. Sustainable levels of circulating HN measured in plasma underline the potential value of HN analogues as a new therapeutic intervention in the treatment of diabetes.
Hashimoto et al. (1) first identified HN by screening a cDNA library from the brain of an Alzheimer's disease patient. They found that HN exerts a neuroprotective effect upon neurons exposed to amyloid-␤-induced cytotoxicity (2). Guo et al. (3) described HN as a Bax antagonist that increases survival in susceptible cells exposed to UV irradiation and serum deprivation. Using a yeast 2-hybrid screen, our group cloned HN as an IGF-binding protein 3 (IGFBP-3) binding partner that antagonizes the actions of IGFBP-3 on various cell types (4) . Since the seminal discovery, this peptide has demonstrated diverse cytoprotective effects across multiple organ systems, including heart, kidney, testis, and brain (5) (6) (7) (8) . Furthermore, HN was reported to have metabolo-protective effects including a sensitizing role in peripheral insulin action (9) . Our group has recently shown that HN can potently suppress hepatic glucose production (9) and delay the onset of diabetes in the nonobese diabetic mouse (10) .
A potential mechanism of action for HN involves binding to a receptor and initiating a cascade of intracellular signaling to provide cytoprotection. HN was shown to protect neurons from amyloid ␤ by binding to a cytokinereceptor complex composed of glycoprotein 130, ciliary neurotrophic factor receptor ␣, and IL-27 receptor (WSX-1), and subsequently activating the Janus family of tyrosine kinases 2/signal transducer and activator of transcription 3 pathway (11, 12) . HN also binds with high affinity to IGFBP-3 (4). It is thought to interact with IGFBP-3 and other binding partners inside or outside the cell, thus potentially regulating their activity (4) .
HN and its synthetic analogues are currently under investigation as potential treatment for a variety of conditions including Alzheimer's disease. These specific HN analogues have increased potency when compared with endogenous HN in vivo (9, 13) . HNG, produced by amino acid substitution at position 14 (Gly for Ser), has substantially greater cytoprotective action than HN. HNGF6A, another variant produced by amino acid substitution at position 6 (Ala for Phe) and position 14 (Gly for Ser), is unique in that it does not bind to IGFBP-3 (14) (Figure 1 ). Despite this complete loss of IGFBP-3 binding, HN's cytoprotective effects remain preserved.
Given the potent effects of HN and its analogues seen in type 1 and type 2 diabetic models, it appears that these peptides have great potential as therapeutic agents in diabetes control and prevention (9) . Thus, understanding their pharmacokinetics is critical. In this study, we first compared the pharmacokinetic profiles of HN analogues, HNG and HNGF6A, in IGFBP-3 Ϫ/Ϫ mice and their wildtype (WT) littermates, which we have previously described (15) . Using a newly developed HN ELISA, we examined the effects of circulating IGF-1 and IGFBP-3 on HN pharmacokinetics. We also characterized the kinetics and distribution of HNG treatment in various tissues in a rat model.
Materials and Methods

Materials
Mouse recombinant IGF-1 (catalog no. 791), IGFBP-3 (catalog no. 775), ALS (catalog no. 1436), specific monoclonal antibodies (MABs) to these proteins (MAB 791, MAB 775, MAB 1436, respectively), and biotinylated polyclonal detection antibodies (BAF 791, BAF 775, BAF 1436, respectively) were obtained from R&D Systems. Microtiter plates were obtained from Nalgene Nunc. Streptavidin-horseradish peroxidase conjugate, o-phenylenediamine hydrochloride, and hydrogen peroxide substrate were purchased from Pierce Chemical Co Other reagents were obtained from Sigma-Aldrich.
Animals
C57/BL6 mice were purchased from Charles River Laboratories and acclimatized for 1 week at the University of California Los Angeles (UCLA) Animal Facility prior to any testing. IGFBP-3 Ϫ/Ϫ mice and homozygous littermates were bred and propagated under approved ARC protocols at UCLA. Male and female pups were weaned, weighed, and genotyped at 3 weeks of age and maintained on normal chow (4.5% fat, Lab Diet 5001) until study initiation. Male mice (11 weeks of age) were divided into 3 treatment groups: WT treated with HNG, WT treated with HNGF6A, and IGFBP-3 Ϫ/Ϫ treated with HNG. Each mouse was ip injected with 2 mg/kg peptide. The control mice received ip vehicle injection. Blood was collected from the IGFBP-3 Ϫ/Ϫ mice and WT littermates at 10, 30, 60, 100, and 180 min (n ϭ 5 per time point) following injection of HN analogues. Plasma was isolated by blood collection into BD Vacutainer tubes and centrifugation, with plasma subsequently removed and stored at Ϫ70°C until the assay was performed. The above studies were approved by the UCLA Animal Care and Use Committee.
Adult male Sprague Dawley (SD) rats (12-15 wk old) were purchased from Charles River Laboratories and housed in a standard animal facility under controlled temperature (22°C) and photoperiod of 12 hours of light and 12 hours of darkness with free access to food and water. Animal handling and experimentation were in accordance with recommendations from the American Veterinary Medical Association and were approved by the animal care and use review committee at the Los Angeles Biomedical Research Institute at Harbor-University of California, Los Angeles (Harbor-UCLA) Medical Center. In the treatment group, each rat was ip injected with 5 mg/kg of HNG at time 0. They were euthanized, and plasma samples were obtained at 30 minutes, 90 minutes, 4 hours, and 24 hours after HNG injection (n ϭ 3 to 5 per time point). The control group received ip vehicle injection. Liver, heart, and brain tissue were collected after saline perfusion of the animals, then snap-frozen in liquid nitrogen and stored in Ϫ80°C.
Drug preparation and administration
HN analogues HNG and HNGF6A were synthesized by CPC Scientific Inc. Lyophilized HNG and HNGF6A were reconsti- tuted with 1% trifluoroacetic acid, PBS, and 0.9% saline to a concentration of 0.2 mg/mL at pH 7.0.
Mouse IGF-1 and IGFBP-3 measurement
Mouse IGF-1 and IGFBP-3 ELISA were measured by a UCLA in-house ELISA as previously described (16) .
HN measurement
HN levels of plasma and tissue extracts were measured by in-house HN ELISA developed at UCLA. The rabbit antihuman analogue HNG polyclonal antisera were produced at Harlan Laboratories. IgG subclasses purified with a protein A column chromatography (Pierce Chemical Co) were used as capture antibodies. IgG was further purified with an HNG-conjugated ligand affinity column and labeled with biotin. This biotinylated ligand affinity-purified anti-HNG IgG was used as a detection antibody. To measure endogenous HN levels, synthetic HN purchased from Bachem was used as a standard within the range of 0.1 ng/mL to 50 ng/mL. The intra-and interassay coefficient variations (CV) were less than 10%. Prior to assay, HN was extracted in 90% acetonitrile and 10% 1 N HCl. Briefly, 200 L of extraction reagent was added to 100 L of plasma or protein extracts, gently mixed, and incubated at room temperature for 30 minutes. The mixture was centrifuged and the supernatant was removed and dried. The dried extract was reconstituted with 200 L of phosphate buffer (50 mM sodium phosphate, 150 mM sodium chloride, 0.5% Tween-20, pH 7.6) and then used for assay. Microtiter plates (96 well) were coated with capture antibody at 0.5 g/well in 200 L of 50 mM sodium bicarbonate buffer, pH 9.5, incubated 3-4 hours at room temperature on a shaker, and then washed with wash buffer followed by 2 washes with Superblock buffer (Pierce Chemical Co). Standards, controls or extracted samples, and pretitered detection antibody were added to the appropriate wells and incubated overnight. Wells were then added with streptavidin-horseradish peroxidase conjugate after wash and further incubated for 30 minutes at room temperature. After 4 washes with wash buffer, 200 L/well of o-phenylenediamine hydrochloride solution (1 mg/mL in hydrogen peroxide substrate) was incubated for 10 -20 minutes. The reaction was terminated by the addition of 50 L/well 2 N H 2 SO 4 , and absorbance was measured on a plate spectrophotometer (Molecular Designs) at 490 nm.
This HN ELISA was also used to measure exogenous HNG or HNGF6A, and data are presented as nanograms/mL for plasma or nanograms/mg protein for tissue extracts. This anti-HNG antibody's difference in affinity between HN and its analogues HNG/HNGF6A was examined by comparing prepared HNG/ HNGF6A concentrations and measuring them using HN as the standard. Our data showed that the measured HNG and HNGF6A were approximately 16-fold higher than their actual concentration (see Supplemental Table 1 published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). The HN ELISA does not have cross-reactivity with synthetic rattin (Phoenix Pharmaceuticals), the rat HN analogue, at 200 ng/mL.
Data analysis
For the HN data in rats, we used tobit regression for left censored data because readings of less than 1 ng/L were not detectable. Wald tests of 2 joint linear hypotheses were performed with the Bonferonni correction for 2 tests applied. Analyses were performed in R version 2.13.2 (http://www.r-project.org/) and STATA version 12.1 (Stata Corp).
The ELISA standard curves were analyzed using 4-parameter logistic curvefit. Results are reported as the mean Ϯ SD. Differences between groups were analyzed by one-way ANOVA. For all other studies, data were expressed as mean Ϯ SEM or mean Ϯ SD. Results were analyzed with Student's t test (pair-wise comparisons) or ANOVA with post hoc correction (multiple comparisons). The level of significance was set for P Ͻ .05 for all tests. Nonlinear regression analysis was used to fit curves for different concentrations using Prism (GraphPad Software).
Results
Kinetics of HN analogues in WT and IGFBP-3
Initial pharmacokinetic studies of HN analogues were performed in WT and IGFBP-3 Ϫ/Ϫ mice. The high-potency analogues, HNG and HNGF6A (IGFBP-3 binding deficient) were used. All treatment groups showed peak plasma HN levels at 10 minutes after ip injection. WT mice treated with either HNG or HNGF6A had peak HN plasma levels of 139 ng/mL Ϯ 3.8 and 146 ng/mL Ϯ 27.3 respectively, whereas IGFBP-3 Ϫ/Ϫ mice treated with HNG had significantly lower peak plasma HN levels of 63 ng/ mL Ϯ 11.5(P Ͻ .05). Clearance of HN analogues was slower in the 2 groups characterized by absent HN and IGFBP-3 interaction (WT mice injected with HNGF6A, and IGFBP-3 Ϫ/Ϫ mice injected with HNG), compared with WT mice given HNG. Mean levels of HN and its analogues were plotted on a logarithmic scale and the halflife was calculated ( Figure 2 ).
HN analogue effects on IGFBP-3 levels
Next, the effects of HNG and HNGF6A injections on serum IGFBP-3 levels were examined. As published previously (15), IGFBP-3 Ϫ/Ϫ mice had nondetectable levels of IGFBP-3, whereas WT mice had a baseline IGFBP-3 level of 1411 ng/mL Ϯ 213. Following HNG injection, plasma IGFBP-3 levels in WT mice decreased over time, falling to 80% of baseline after 180 minutes (P Ͻ .01). As predicted, IGFBP-3 levels remained unchanged after HNGF6A injection ( Figure 3 ).
HN analogue effects on IGF-1 levels
IGF-1 levels were also assessed in the 3 treatment groups. In the IGFBP-3 Ϫ/Ϫ mice, IGF-1 levels were observed to be 3-4 times lower than in WT mice (118.75 ng/mL Ϯ 4.19 compared with 445.75 ng/mL Ϯ 58.7) (P Ͻ .0001), consistent with previous observations (15) . Similar to alterations seen in IGFBP-3 in WT mice after ip injection, IGF-1 levels decreased by approximately 30% in WT mice injected with 
Kinetics of HN in rats
To assess for any HN interspecies variability, pharmacokinetic studies were performed in rats. The peak plasma HN level was 14.6 ng/mL at 4 hours, whereas the mean plasma HN levels over time were 6.3 ng/mL Ϯ 1.9 (30 minutes), 4.7 ng/mL Ϯ 2.2(90 minutes), 8.5 ng/mL Ϯ 2.4 (4 hours), and 2.7 ng/mL Ϯ 0.7 (24 hours) ( Figure 5 ).
Shown is a best-fit curve of the kinetic data as well as mean values of HN levels at the first 4 hours and at 24 hours (P Ͻ .05).
Tissue distribution of HN in rats
HN levels were measured in various tissues of rats injected with HNG. Levels were found to be highest in plasma and present at lower levels in the liver, whereas HN was not detectable in brain or heart ( Figure 6 ). Mean HN levels in liver were 0.9 ng/mg (30 minutes), 0.4 ng/mg (90 minutes), 1.0 ng/mg (4 hours), and 0.1 ng/mg (24 hours).
Discussion
The pharmacokinetics of increased potency HN analogues HNG and HNGF6A were analyzed in WT and IGFBP-3 Ϫ/Ϫ mice. HN analogues were found to have different half-lives, and kinetics was dependent on binding to IGFBP-3 ( Figure 1 ). The kinetics of HNG after ip injection in WT mice was rapid, with a short half-life of approximately 30 minutes. At 10 minutes after ip injection, the peak plasma HN level of WT mice treated with HNG was 50% of the level seen in the other 2 groups with IGFBP-3-deficient binding (WT mice treated with HNGF6A, and IGFBP-3 Ϫ/Ϫ mice treated with HNG). Possible reasons for this lower peak level include a larger volume of distribution or increased degradation due to lack of HNG binding and stabilization by IGFBP-3. HNG bound to IGFBP-3 To further understand the relationship between HN, IGF-1, and IGFBP-3, we examined the effects of HNG and HNGF6A on the levels of these proteins. Circulating IGFBP-3 appeared to modulate HN levels, including the duration, peak level, and clearance rate of injected HN analogues. We observed a decline in circulating IGFBP-3 following the rapid clearance of HN analogue, suggesting an effect of HN on the elimination of IGFBP-3. IGF-1 levels similarly decreased in WT mice treated with HNG. Based on our previous work (15) , the presence of IGF-1 does not interfere with the ability to measure IGFBP-3. Because it is well known that IGFBP-3, IGF-1, and ALS form a ternary complex in the circulation (17) , these data suggest that HN may have the ability to interfere with the ternary complex, possibly by altering the interaction between IGF-1 and IGFBP-3, and thus leading to enhanced clearance and reduced circulating levels of both factors. Because of these findings, HN analogues (eg, HNGF6A) that do not bind IGFBP-3 (and thus do not disrupt the ternary complex) appear to have a superior pharmacokinetic profile and may prove important in the development of targeted HN-related therapies without disturbing the GH-IGF system. HNGF6A has already been shown to improve both hepatic and peripheral insulin sensitivity, as well as blood glucose levels in ZDF rats with a single dose (9) . Chronic administration of HNGF6A to apolipoprotein Edeficient mice on a high-cholesterol diet was shown to prevent endothelial dysfunction and the progression of atherosclerotic plaques (18) .
We also performed studies in rats. This provided us with an ideal system to verify that the HN levels detected were indeed exogenous HN because our ELISA does not recognize the rat homolog of HN. Variability in HN kinetics was noted between mice and rats, and the etiology of these interspecies differences remains unclear. The half-life of circulating exogenous HN was found to be much longer in rats compared with mice, though the rats did receive a higher dose of HN treatment (5 mg/kg) compared with mice (2 mg/kg). Interestingly, at 30 minutes postinjection, the mean HN level in rats (6.3 ng/mL) was much lower than the mean HN levels measured in both the WT and IGFBP-3 Ϫ/Ϫ mice (49.6 ng/mL and 48.3 ng/mL, respectively). The distribution of HN in rat plasma and various tissues was also examined. Based on the data, exogenous HN circulates in the plasma at high levels. However, it is present in low levels in the liver and does not appear to enter the brain or heart at the times tested. Perhaps HN acts on intermediary receptors or penetrates in low concentrations at a later time in these organs. In addition, the low levels found in liver could be reflective of circulating plasma levels in a highly vascularized organ. There are currently 14 published papers describing HN analogues given to rodent disease models in vivo (5-7, 9, 10, 18 -26). Routes of administration include ip or intrace- Figure 5 . Plasma HN levels in sprague dawley rats. Error bars represent the 95% confidence intervals. Rats received an ip injection with HNG 4 mg/kg, and HN levels were measured in plasma with ELISA. Shown is a best-fit curve of the kinetic data as well as mean values of HN levels at the first 4 hours and at 24 hours (P Ͻ .05). Pooling the data from the first 3 time points, the average serum level is significantly higher than that of the averaged data at the 24th hour (6.8 ng/mL Ϯ 1.3 compared with 2.7 ng/ mL Ϯ 1.3) (P Ͻ .05). The sample size for the first 3 time points group is 10 rats, and sample size for the 24th hour group is 4 rats. The half-life of HN appears to be greater than 4 hours, which is much longer than the halflife measured in mice (Ͻ1 hour). Figure 6 . Distribution of HN in various tissues and plasma in sprague dawley rats. Rats received an ip injection with HNG 4 mg/kg, and HN levels were measured with ELISA in various organs including liver, brain, and heart. *, P Ͻ .0001. Means Ϯ SEM are presented. Data from each organ are combined and then compared with the other groups. HN distribution in plasma overall is significant when compared with liver, brain, and heart. Also, HN distribution in liver as a whole is significant when compared with brain and heart. doi: 10.1210/en.2012-2004 endo.endojournals.orgrebroventricular injection, iv, and intranasally. Treatment doses of HN have ranged from 4 g/kg/d to 4 mg/kg/d, and they are typically given once daily or every other day. Given the HN distribution seen in our plasma data, it would appear that daily administration of HN for therapeutic purposes could result in substantial clinical effects. Based on the dramatic effects of daily injections of HN analogues in these animal models, it is also reasonable to assume that the biological half-life of HN is longer than the kinetic half-life. In summary, the current study demonstrates various kinetic profiles of HN analogues in rodents, with HN dependence on IGFBP-3 binding, a longer half-life of HN in rats compared with mice, and sustainable HN levels in plasma. As the role of HN in diabetes and related diseases continues to emerge, these data will help provide the basis for the development of HN as a clinical intervention in metabolic diseases and yield important information in the assessment of therapy delivery and efficacy.
